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Abstract:

Hypertrophic scars and keloids arise due to dysregulated wound healing, often
influenced by genetic predisposition, skin tension, infection, and anatomical site. Both
conditions show increased fibroblast activity, overproduction of extracellular matrix
proteins (especially type Ill collagen in hypertrophic scars and type | in keloids), and
abnormal growth factor signaling (notably TGF-B). Treatment remains challenging due to
high recurrence rates, particularly in keloids, necessitating multimodal and individualized
strategies. The choice of therapy depends on scar type, size, location, symptoms, and
patient characteristics.
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Introduction:

Hypertrophic scars and keloids are pathological outcomes of abnormal wound healing characterized by
excessive fibroblast activity and overproduction of collagen. These scars cause pain, pruritus, functional
limitation, and psychological distress, making them clinically significant beyond cosmetic concerns (1).

Although they share similar histological features, hypertrophic scars typically remain within the wound
boundaries and may regress spontancously, while keloids extend beyond the original wound margin, show
persistent growth, and are associated with a higher risk of recurrence (2).

The pathophysiology involves an imbalance in growth factor signaling, particularly upregulation of
transforming growth factor-f (TGF-B), along with increased extracellular matrix deposition and reduced
apoptosis of scar fibroblasts (3).

Treatment remains challenging due to high recurrence rates, especially in keloids. A multimodal
approach combining preventive measures, pharmacological therapies, surgical techniques, and physical
modalities is often required to improve outcomes (4).

Reducing tension on the wound with good surgical technique is an important aspect of prevention of
hypertrophic scars during surgery. Patients who are known to form hypertrophic scars or keloids should avoid
elective surgical procedures (5).

Preventative and non-invasive methods of treatment:
» Occlusive dressings

Silicone gel sheeting (SGS) is a commonly used occlusive dressing applied to reduce the risk of
excessive scar formation. SGS is composed of a semi-occlusive silicone gel sheet combined with a durable
silicone membrane. Though the prominent mechanism of action of these dressings is unclear, SGS is theorized
to act via hydration and occlusion of the wound bed. Scar tissue has been shown to be more prone to
transepidermal water loss, possibly reflecting decreased water barrier function of the stratum corneum. The SGS
creates a moisture-retaining environment that prevents dehydration of the stratum corneum, which, in a
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downstream manner, limits activation of fibroblasts and subsequent collagen production. SGS can reduce the
incidence of hypertrophic scarring and reduce scar volume. The use of SGS requires high levels of patient
adherence since protocols often require patients to wear the SGS upwards of 12 hours per day for at least 12
months. Efficacy of SGS has primarily been demonstrated when the dressing is used as a preventative measure
rather than a method of treatment. The necessary continuous application of SGS in hotter climates might induce
a level of humidity that facilitates the formation of bacterial abscesses (6).

» Topical imiquimod

Used successfully for the treatment of basal cell carcinoma and human papillomavirus-related warts,
imiquimod 5% cream has shown promise as an adjuvant therapy for keloids after excision. Imiquimod is a Toll-
like receptor 7 agonist that limits fibroblast production of collagen via increasing local concentrations of
interferon alpha (IFN-a). IFN-a has been shown to decrease fibroblast activity in a dose-dependent manner,
reduce glycosaminoglycan production, and increase collagenase levels. The reported recurrence rates of excised
keloids with daily topical imiquimod 5% cream have ranged from 0 to 88.9 percent with a follow-up time of 20
to 24 weeks. The variability of the keloid recurrence rates with imiquimod therapy is likely related to skin
tension at the operative site, with ear keloids having lower recurrence rates than shoulder, chest, and back
keloids. Common side effects of imiquimod include hyperpigmentation, erythema, irritation, and secondary
infections that typically resolve upon suspending therapy (7).

» Angiotensin-converting enzyme inhibitor

The renin-angiotensin-system has been shown to affect collagen production and wound healing.
Although it is still under study, the local application of captopril cream (5%) and oral administration of enalapril
improved keloids with no side effects. Therefore, these may be good treatment options for keloids (8).

» Tacrolimus (FK-506)

Tacrolimus is a calcineurin inhibitor and an immunosuppressive medication. When it was applied to
keloid fibroblasts in vitro, it reduced their proliferation, migration, and collagen production. Clinically,
tacrolimus is used as a topical medication for dermatological conditions such as atopic dermatitis. One patient
using tacrolimus for treatment of atopic dermatitis reported that it also reduced keloid scarring. However, further
research on the efficacy of tacrolimus is needed (9).

» Laser Therapy

Laser therapy is a widely used, energy-based treatment modality for skin resurfacing and other
integumentary changes. Broadly speaking, lasers can be classified into two distinct categories: ablative or non-
ablative. While non-ablative lasers leave the overlying epidermal layer intact, ablative lasers cause epidermal
destruction and heating of the dermal layer. Both categories of laser, however, can be used in the treatment of
keloids and HTS. Ablative lasers (eg, CO,, erbium-doped yttrium aluminum garnet laser (Er:YAG) , and argon
types) reduce scar volume by removing layers of scar tissue through interaction of the laser energy with the
water in and on the skin. In contrast, non-ablative lasers (eg, neodymium-doped yttrium aluminum garnet
(Nd:YAG), pulsed-dye laser (PDL), potassium titanyl phosphate (KTP), etc) target hemoglobin in red blood
cells, leading to the destruction of microvasculature and ultimately hypoxia in the local tissue environment. This
poor oxygenation leads to collagen remodeling and reduction. Such phenomena make laser therapy a promising
therapeutic agent for keloids and HTS (10).

e Non-Ablative Lasers

Several different non-ablative laser modalities have demonstrated clinical efficacy with a favorable
safety profile in patients of color. In 2013, Rossi et al established the success of a 300 microsecond Nd:YAG
laser in the treatment of keloids in a sample (n=44) consisting of Fitzpatrick skin type (FSTs I-VI). Despite
transient post-procedure erythema, Nd:YAG therapy demonstrated superior cosmesis, producing a substantial
reduction in scar volume and vasculature in comparison to intralesional corticosteroid injection. Interestingly, all
patients, including those of skin types IV—VI, did not exhibit dyschromia (11).
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e Ablative Lasers

Lasers of the ablative type—namely CO; and erbium-based lasers—have been studied for their efficacy in
treating HTS and keloids in FST IV-VL. Fully ablative laser technology for this scarring niche is sparse within
the literature, perhaps due to its highly aggressive potential. A more recent alternative—the fractionally ablative
laser—has perhaps received more research attention and been given its title as the “gold standard” due to its
reduced traumatic impact and quicker healing time (12).

CO laser therapy has boasted recent success in darker skin types. In 2015, a study by Azzam et al
employed a split-scar treatment paradigm using fractional CO> laser monotherapy in a group with FSTs II-VIL.
Using Vancouver scar scale, the researchers established a significant decrease in scar severity on the treated scar
portion, mainly attributable to increases in scar pliability, with little changes in pigmentation across all FSTs. Of
relevance is the researchers’ choice of pulse spacing; for patients with darker skin types, greater intervals were
employed, suggesting the importance of tailoring laser parameters on an individual basis in order to combat the
greater risks associated with laser therapy in this susceptible patient group. the significance of early therapeutic
intervention when treating traumatic scars with fractional CO; laser in skin of color in order to improve scar
pliability, height, and pigmentation (13).

Injections as a method of treatment:
» Intralesional steroids

As an accessible and efficacious keloid therapy, intralesional steroids continue to serve as a first-line
treatment for many physicians. Typically, triamcinolone is injected at a concentration of either 2.5mg to 20mg
for facial keloids or 20mg to 40mg for non-facial keloids. Corticosteroids act by suppressing wound
inflammation mediators and fibroblast growth while increasing collagen degradation. Mechanisms by which
triamcinolone alters fibroblast growth include inducing fibroblast hypoactivity by decreasing TGF-f expression
and reducing fibroblast density by increasing fibroblast apoptosis. Intralesional triamcinolone as a monotherapy
has been shown to reduce keloid recurrence to an average of 50 percent after surgical excision and to reduce
scar volume. However, the therapeutic response rate of intralesional steroid therapy is highly variable. Potential
side effects of corticosteroid injection include pain with injection, skin atrophy, alteration in skin pigmentation,
and the formation of telangiectasias (14).

> Botulinum toxin A

Botulinum toxin type A (BoNT-A) has shown promising effects in improving scar appearance by
modulating wound healing at both molecular and mechanical levels. BONT-A reduces muscle tension around
wounds, thereby decreasing mechanical stress that can exacerbate scar widening or hypertrophy. Additionally,
BoNT-A has been found to downregulate inflammatory cytokines and fibroblast activity, resulting in reduced
collagen deposition and fibroblast proliferation, which are key factors in pathological scarring. Clinical studies
have reported that early post-surgical injection of BoNT-A can lead to thinner, softer, and more aesthetically
favorable scars, particularly in high-tension facial areas (15).

The use of botulinum toxin A reduces tension on the wound edges by preventing muscle contraction
during the healing process, thereby reducing scar formation. In fact, tension is one of the causes of keloid scars.
Botulinum toxin A is given 4 to 7 days before surgery to reduce tension. Intralesional botulinum toxin injections
resulted in improvement of keloids in a prospective, non-controlled study, and decreased keloid volume more
effectively than intralesional corticosteroid injections. However, conflicting results have been reported for the
therapeutic effects of botulinum toxin. Larger, randomized, controlled studies are needed to confirm its efficacy
(16).

Combinatorial Treatments

Despite the demonstrated efficacy of energy- and non-energy-based modalities, monotherapeutic
application appears to limit maximal results. Therefore, combining diverse therapies with varying operator
techniques, treatment intervals, and sequences may enhance patient outcomes (17).
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» Multimodal Injection Therapy

Injection therapy consisting of various corticosteroids and antineoplastic agents is a common
combinatorial treatment. Triamcinilone acetonide (TAC) may be mixed with agents such as 5-FU and
bleomycin. combinatorial intralesional injection of 5-FU and TAC (3:1) successfully reduced keloid volume,
height, and penetration depth. Notable side effects included high rates of hyperpigmentation and
telangiectasia. Similarly, the comparative efficacy of 585 nm PDL, TAC, 5-FU, TAC + 5-FU against a negative
control. While results in scar volume reduction were similar between monotherapeutics and combinatorials,
combinatorial administration of TAC and 5-FU eliminated hypopigmentation, atrophy, and telangiectasia that
were associated with sole administration of TAC. Such favorable patient outcomes and minimal associated risk
may soon qualify combined injection of TAC and 5-FU as a frontline therapy for skin of color (18).

» Multimodal Laser Therapy

Due to differential mechanisms, the employment of several types of lasers for the treatment of
hypertrophic and keloid scars has gained increasing traction over monotherapeutic implementation. No side
effects were observed following treatment; notably, patients pre-treated with a topical lightening agent and
pressure therapy was employed following the laser procedure (19).

Invasive methods of treatment:
» Surgery

Surgical excision of keloids is a popular option and is recommended as the first-line treatment if
disabling scar contracture is present. However, it should be used with caution since it often creates even larger
lesions, and recurrence rates are high (45%-100%). Adjuvant measures, such as radiotherapy, interferon,
bleomycin, cryotherapy, or corticosteroids, should be applied to avoid recurrence. For example, combining
corticosteroid treatment with surgery reduced the recurrence rate to less than 50%, and the recurrence rate for
surgery with adjuvant radiotherapy ranged from 0% to 8.6%. As a general rule, wound closure should be
performed with minimal tension and sutures, and relaxed skin tension lines, leaving everted wound borders. In
cases of scar contracture caused by excessive tension, Z-plasty, W-plasty, or various local flaps may be
indicated (20).

» Cryotherapy

Cryotherapy leads to cellular injury and necrosis of keloid tissue. It can be administered by contact, spray, or
intralesional injection. Intralesional cryotherapy concentrates the area of cold within the lesion, thereby
minimally affecting the external skin; it is simple, can be applied to all types of scars, and is more effective than
contact/spray treatment. Cryotherapy is applied monthly in multiple sessions, and the success rate after two
sessions ranged from 30% to 75%. Cryotherapy, in combination with intralesional corticosteroid injection, has
been the most popular traditional treatment for keloids. The most common side effect of cryotherapy is
hypopigmentation, followed by blisters, local pain, and hyperpigmentation (21).

Future directions for scar management:
Gene Editing and Molecular Targeting

Following skin injuries, many genes are up- or downregulated to modify the wound environment (Table
1). However, deregulated expression of the genes involved in this critical process can promote abnormal wound
healing and scarring. Identification of these genes offers the opportunity to manage the different stages of
wound healing and modulate fibrosis through gene therapy to convert scarring injuries into scar-free repaired
wounds (22).

3567



International Journal of Multiphysics
Volume 18, No. 3, 2024
ISSN: 1750-9548

Table (1) Important genes during wound healing and scar formation (23).

Gene/factor Role in Effects
IL-8 Induction Inflammation; recruitment of immune cells and fibroblasts; hemostasis of Pro-fibrotic
Inhibition epidermis; proliferation of keratinocytes; production of MMP-9 in keratinocytes;

angiogenesis

IL-1c Induction Inflammation; activity of keratinocytes, fibroblasts, and endothelial cells; Pro-fibrotic
Inhibition deposition of collagen Restoration of the skin architecture

IL-1B Induction Expression of decorin; activity and homing of PBMC; function of CXCR4-CXCL 12 Pro-fibrotic
Inhibition axis; proliferation of fibroblasts Restoration of the skin architecture

IL-6 Induction The pro-inflammatory function of immune cells; timely resolution of wound Pro-fibrotic
Inhibition healing

Gene transcripts are regulated based on the open or compact patterns of specific gene loci under a
physiological or pathological condition. Such regulations can be conducted by the mechanisms encompassed in
epigenetic knowledge. Epigenetic regulation has been recently investigated as the potential mechanism for
changing the cell behavior and phenotype during wound healing and scar maintenance, thus promising novel
targets for scar treatments (24).

Optimized wound healing requires the regulated patterns of DNA methylations and histone
modifications, and epigenetic alterations may result in abnormal repair and scar formation. Hence, targeting
epigenetic modifying enzymes provides the therapeutic opportunity to reverse these deleterious alterations. To
date, several clinical trials have been performed based on the regulation of hypermethylation patterns of
different genes, and several inhibitors of HDAC are already in clinical use (25).

Stem Cell Therapy

Mesenchymal stem cells MSCs are adult multipotent stromal cells that can be readily harvested from
various sites such as bone marrow, adipose, and umbilical tissue, (MSCs) can be expanded ex vivo and cultured
under specific conditions to promote particular cellular effects, due to their low immunogenicity, MSCs are
frequently transplanted allogeneically for the treatment of inflammatory conditions. MSCs exert their anti-
inflammatory and anti-fibrotic paracrine effects via the chemokines and microvesicles that they secrete. Whilst
tissue native MSCs play a key role in potentiating this process, there is evidence to suggest that transplanted
MSCs are instead able to attenuate inflammation and promote a return to homeostasis. MSCs may achieve this
by mediating macrophage class switch from a proinflammatory M1 to anti-inflammatory M2 phenotype MSCs
also have the potential to negatively modulate ECM deposition, possibly via promoting a T-cell response that
results in the downregulation of TGF-B1, a key regulator of collagen synthesis (26).

They have aroused immense interests for clinical applications because of their easy availability and
potential for recovering. Substantial animal and clinical studies have shown that MSCs can inhibit pathological
fibrosis in many organs, such as the heart, lung, and kidney, and therefore can improve the prognosis of many
diseases, such as liver injury, spinal cord injury, acute respiratory distress syndrome, blood disease, and critical
limb ischemia. These provided a possibility of skin scar tissue repair affected by MSCs. Owing to their
multifunctional roles, MSCs can migrate to the wound sites directionally. They formed a part of
microenvironment, improved wound healing, and inhibited pathological skin scars. Among them, umbilical cord
mesenchymal stem cells (UC-MSCs) are most easily accessible, with low immunogenicity, and can be expanded
in vitro. UC-MSCs can be easily isolated and collected from the umbilical cord by using an accessible
procedure. Previous researches have shown that MSCs can suppress proliferation and activation of keloid
fibroblasts and inhibit extracellular matrix synthesis through a paracrine signaling mechanism and thus may be a
novel topical agent for pathological skin scar treatment (27).

The clinical use of either embryonic stem cells or induced pluripotent stem cells remains limited because
of cell regulations, ethical considerations, and the requirement for genetic manipulation. Adult autologous
mesenchymal stem cells (MSCs) do not present these ethical issues and have been successfully explored in
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clinical studies on fibrosis, particularly to treat liver cirrhosis, idiopathic pulmonary fibrosis, myocardial
fibrosis, renal fibrosis and to repair pulmonary tissue that had been injured by thoracic irradiation. Among the
different sources of MSCs, bone marrow has been the most commonly adopted, containing a population of
MSC:s called bone marrow stem cells (BMSCs). However, their use presents drawbacks: they are extracted by a
painful process that may cause donor site morbidity in the patient, and because the retrieved marrow has less of
them, ex vivo expansion is frequently required, Adipose tissue represents an attractive alternative source of
MSCs as it is easily collected via a liposuction operation in large volumes and is abundant with MSCs called
adipose-derived stem cells (ASCs) (28).

Moreover, the donor site treatment, which involves removing excess adipose tissue, is well tolerated and
often welcomed by the patient. The ASCs therefore appear to be an ideal population of stem cells for practical
regenerative medicine, given that they are plentiful, of autologous tissue origin and thus non-immunogenic, and
are more easily available with minimal morbidity for patients. In addition to that, the ASCs seem to be more
efficient in reducing skin fibrosis than the BMSCs (29).

Another interesting feature of ASC therapy is its immunomodulatory ability. By reducing the production
of proinflammatory cytokines such as TNF-o and IFN-y, adipose-derived stem cells (ASCs) establish a
“virtuous circle” wherein fewer immune cells migrate to damaged tissues. This inhibition of the acute
inflammatory reaction and cytokine production by ASCs contributes to a decrease in subsequent chronic
inflammation and fibrosis. Moreover, the alleviation of tissue inflammation, enhancement of angiogenesis, and
mitigation of oxidative stress further enhance their anti-fibrotic efficacy (30).

Laser-Assisted Drug Delivery

Laser-assisted drug delivery (LADD) is an evolving treatment modality. Ablative fractional lasers create
vertical cone-shaped channels known as microablation zones (MAZ). Application of topical agents to MAZ
allows for increased penetration of the stratum corneum and enhancing bioavailability of medications. The
combination of ablative fractional laser treatment and topical medications is promising for the treatment of
keloids (31).

The evidence suggests that LADD improves outcomes in hypertrophic scars and keloids. LADD is a
more effective treatment modality than the topical application of agents in hypertrophic scars and equally
effective as the intralesional injection of agents in keloids. There were few reports of adverse events. Evidence
supports the use of LADD as an adjunct to non-surgical measures or a treatment modality to be used before
more invasive measures such as surgical excision (32).

Artificial intelligence in scar treatment

Artificial intelligence (AI) and Machine learning (ML) have transformative potential in aesthetic
medicine, offering improved diagnostic precision, enhanced patient outcomes, and cost reductions. Addressing
limitations related to algorithm bias, regulatory oversight, and data quality is essential to fully realize the
benefits of Al in clinical practice. The integration of Al and ML has revolutionized aesthetic medicine,
enhancing the diagnosis, classification, and treatment of skin conditions. These technologies offer high
precision, personalized care, and the potential to reduce human error. Al-based platforms facilitated
personalized treatment plans, enhancing therapeutic outcomes while minimizing errors. The integration of Al
reduced diagnostic time and lowered healthcare costs, demonstrating significant potential for improving patient
care. However, challenges such as algorithmic bias, data privacy concerns, and the need for high-quality training
datasets were highlighted (33).
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